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Stiffening Cast-in-Place Piling by Bottom Grouting
J.G. Zeitlen
Professor Emeritus, Israel Institute of Technology, Haifa, Israel

SYNOPSIS:
Inspection of the execution of cast-in-place piles indicated that the pile bo~·ings hafd
not been deep enough to reach an underlying adequate bearing layer of :r:ock .. Hence, ~.he P~les wou
transmit their end bearing loadings through intermediate soil layers ox var~able th~c~n~ss,
which could result in differential settlement and damage to the structure. As a remed~~ me~sure,
the piles were drilled with an air hammer, and thick cement grout i:r;.jected below the P~le t~ps.
Monitoring of the execution of the grouting program indicated that ~twa~ both.necessary ~~d·d
beneficial. As a final check, a test shaft was excavated alongside a typ~cal P~le: and a ewe
he
an inspection of the effect of grouting on the foundation strata. Overall.conclus~ons were that t
grouting program had succeeded in strengthening the foLmdation system sat~sfactor~ly ·

1

PROFILE OF FOUNDATION MATERIALS
Original soil investigations had consisted only
of soil borings which were carried down to a
level of contact with hard materials, identified
as producing refusal, but not cored. When ,
questions first arose as to the adequacy of the
foundation piles which were being executed, an
additional b borings, including coring and rock
sampling, were made. It was found that, taking
the basement level as zero, soil layers occured
to a depth of about 8 meters, overlying rock
strata. The upper 2 to 4 meters of soil was
particularly variable, ranging. from fine, tc>
medium sand {SP) to fat clay (CH), but often
appearing as sandy clay (CL) layers. The lower
portion of the soil strata is typically lean
silt or silty sand which, in some lr:)cations,
turned into poorly cemented siltstone or
sandstone (locally known as "kurkar") jttst above
the rock.
Some Standard Penetration Tests (SPT)
were made on the soil layers, showing the soil
to be relatively stiff - SPT results were more
than 18 in the upper levels and above 100 in the
lower part. However, ground water levels were
lower than the elevation of the soil strata.
The unsaturated condition of these materials
undoubtedly resulted in unrealistic strength
evaluations which would not be applicable to
long term moisture conditions under such a
structure . The underlying rock was a badly
join·ted limestone which extended to at least 18
meters depth.
Core recovery was extremely poor,
indicating that the joint spacing was close to
very close.
The joints were found to be often
filled with soft material, and even clays.
The
lower portion of the limestone, for boring
depths below about 12 meters, was found to be
even more badly jointed, with many cavities. The
cavities were irregular, sometimes large, and
could be empty, or partly filled with loose
soil, soft clay or other fill.
The presence of
many joints allowed percolation of ground water,
resulting in enlargement of the cracks, and
permitting soil to enter the openings. Such a
structure is typical of a highly karstic
formation.

INTRODUCTION
A not uncommon problem in Scdl and Foundation
Engineering is the selection of foundation type
when hard and competent bearing layers are found
below upper strata which are soft and/or
relatively poor and variable in resistance to
frictional stresses. If spread faot.ings are
chosen, then full opportunity will be available
to expose, clean off and verify the firmness of
the contact surface of the hard underlying
material. However, if, as in the case discussed
herein, the firm layers are of the order of 6 to
8 meters below basement level, excavation and
replacement of the softer materials is
uneconomical. Sinking of shafts or piers, with
protective sheeting, would be expensive.
Castin-place piling or ''drilled piers", as they are
often known, is an obvious economical solution,
and was thus the foundation system selected by
the original foundation consultant for an eightstory public structure in Israel. The success of
this approach is dependant on the selection of
realistic design parameters which take into
accouni the necessary construction procedures to
obtain the required design bearing resistance of
the underlying hard layer and/or layers. With
soft upper strata, failure to obtain good
bearing on the hard materials could result in
large differential settlements if the stiffness
of the overburden materials and their thickness
between the pile tip and the hard layers were to
be variable. This paper describes the basis for
concern as to the uniformity of foundation
support, the use of compaction grouting which
was employed to improve the uniformity and
rigidity of the foundations, and the results of
a test excavation made to verify that the
grouting procedures were producing the desired
effect.
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ORIGINAL FOUNDATION DESIGN
It had been planned to use bored concrete piles
to carry the building loads down through surface
deposits to the very hard layer which had been
indicated by the preliminary borings to lie at a
depth of about 12 meters below original ground.
Design loads on the foundations ranged from 40
to 400 tons. For selecting pile sizes, all
resistance was considered as concentrated at the
pile base, using a total end bearing pressure of
200 tons/sq m. As a result, the piles were
planned to be from 80 to 150 em in diameter.
Considering a 4 meter high basement under the
entire building, the piles were planned to
require drilling to a minimum depth of about 8
meters, including a penetration of 3 meters into
the hard strata in order to develop a socket.

PILE BORING EXECUTION
The piling excavations were made with heavy dut.y
soil boring equipment, using auger buckets with
dj~a~eters corresponding to the the design range
of 60 to 150 em in diameter.
Heavy duty
buckets, with carbide tips welded to the cutting
blades were used for the final stages of
attempting to penetrate the "hard bot.tom" which
had been predicted from the soil borings. The
natural soil strata was relatively dry and firm
at the time of the borings, so that no casing or
other protection was necessary to maintain the
boring open. Placement of the reinforcing cage
and the pouring of concrete proceeded without
difficulties. However, during the pile
ex?avation~, inspection revealed that the depths
be1ng obta1ned for the piles were appreciably
less than the depths anticipated from the
original soil borings, or from the deeper core
borings made after the work had starte~.
Since
only soil borings had been available when the
contract was awarded, the specificat.ions
originally required drilling into hard "kurkar"
(sandstone) for a penetration of 3 meters. When
the contractor had great difficulty in
penetrating t.he hard strata with h.is equipment,
the penetration reqttirement was reduced to 1
meter. Actually, in practice, the contractor was
permitted to cease drilling when even less than
1 meter of penetration had been achieved, and
there was little control as to what material
really consti·tuted the "hard strata".

REVISED FOUNDATION DESIGN
At this stage in the design and execution of the
project, the owners decided to request from me
~hat I furnish an independent review of:
a. Information available on foundation
conditions, as developed from the
various borings, and field inspection
reports.
b. Present foundation design, and the
parameters to be used for determination
of design capacity.

In particular, I was requested to furnish my
opinion as to whether any changes in foundatior
design and construction would be considered
necessary for this project, and what specific
recommendations may be proposed in order to
cont.inue execution of the work.
About 70 of tr
total of the total of 125 planned foundation
piles had been already completed. It was desirE
to complete the construction of the remaining
piles as soon as possible.
Further study of the project included the
execution of core borings through three
of the completed piles, with SPT testing of the
material encountered beneath the concrete pile
tip. It was found in each case that soft soil
layers, as indicated by low SPT values, lay
between the bottom of the pile and the limestor
foundation rock.
These layers were found to
have thicknesses of 45, 30, and 15 em for t.he
three piles. Testing of additional piles was
continued with the use of a compressed air
hammer to drill holes of 3-inch diameter throug
the center of each pile.
Although occasional
piles were found to rest directly on the
limestone rock, the presence of soil layers waE
generally found, with thicknesses of up to abot
a half-meter.
In the meanwhile, execution of the cast-in-plac
piling had been progressing, under the direct
on-site supervision of an experienced soil
technician. The drilling equipment was still
inadequate and could not penetrate into the roc
properly. Although the technician attempted to
demand that the pile subcontractor continue thE
boring excavation to and below the level of thE
bottom of the soil strata, and particularly
watched out for the proper cleaning out of
boring hole, later drillings still showed that
soil layer had still been left below the pile
tip.
It had become quite clear to me that the use oj
an end bearing pressure of 200 tons per square
meter of pile end area was not a conservative
enough basis for design of such piles, even if
there were to be no obvious danger of bearing
failure of the underlying strata. The friction
from the envelope of the piles in the upper so~
layers would help support them for initial
loadings, bu·t when full design loadings became
applied, there would have to be some bott.om
support and resisting stresses developed from
the rock layers below. Such stresses would havE
to be transmitted t.hrough the soil remaining
between the bottom of the pile and the
limestone. Since these layers had been found tc
be of variable thicknesses, and of different
soil types, there were bound to be variations ~
pile support characteristics at different
locations in the site.
Differential settlemen1
and cracking in the walls could be the type of
damage to be expected.
The possibility was
considered of strengthening and stiffening the
foundation beam system, perhaps with additiona:
benefit from shallow foundation plates and
beams.
However, this approach, involving more
complications and appreciable structural redesign, was not considered attractive.
As a result of these considerations, it was
recommended that grouting be accomplished in tl
soil region directly under the tips of the
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piles, ~o improve the bearing resistance and
allow the structure to rest upon a foundation of
far more uniform stiffness than would have been
provided by the original construction methods.
It would be necessary to plan a grouting program
accordingly, which would be sufficiently
flexible as to allow it to be adapted to site
conditions during the process of execution. The
program would not only involve improving the
bearing resistance of the foundation strata, but
also should allow for the grouting methods and
procedures to provide the required pile
resistance and foundation stiffness.

End bearing was also increased, if necessary to
obtain the design resistance, by use of a steel
rod inserted into a grout hole. If a 32 mm
"Dywadag" rod was inserted, it was considered to
have added a design capacity of 45 tons to the
end bearing of the pile. This resistance was
taken in addition to any capacity which was
available from the pressure grouting referred to
above.
In order to benefit from the additional
45 tons of capacity, it was necessary that a
minimum grouted length of steel rod of three
meters would be available in the pile, and that
the rod should extend three meters into the
"Hard" layers, in order to develop adequate bond
resistance.
Thus, the grout hole into the hard
bottom was first drilled at least three meters
in length, and proper pressure grouting was
performed in order to improve the quality of the
hard material around the bottom of the Dywadag
rod. The deeper grouting required with the use
of the steel rod also was considered to have
further increased the capacity
each grout
column to £.0 tons.

FOUNDATION DESIGN PARAMETERS
The computation of the design capacity of a pile
was based upon t.he following criteria, which
were developed not only from analysis, but upon
the local experience in grouting at this site:

or

Side friction allowable was computed as 3
tons/sq m. The length of pile which was
considered was the total length from the base of
the pile cap to the bottom tip of the concrete
in the pile, as determined by the boring in the
center of the pile.

Capaci t.y under earthquake and/o:r: wind loads was
assumed as 30 per cent higher than the d'3sign
values computed according to the criteria
described above, provided that the pile capacity
without the transient loads was satisfactory.

End bearing load allowable was based on a
contact pressure of 100 tons/sq m of end area,
provided that there was less than approximately
five centimeters of soft soil found between the
bottom of the concrete and ·the harder layers.

GROUTING PROCEDURES
Following is a description of the procedures
which were developed for the site.

Where a boring indicated that more than
approximately five centimeters of soft soil was
found between the bottom of the concrete and
harder rock layers, the end bearing was
considered as unreliable, and it was necessary
to employ grouting at the bottom of the pile in
order to provide a proper base for end bearing.
Computation of the design bearing capacity
available from each grouting location beneath
the tip of the pile was based upon assuming that
the soil would be adequately strengthened to a
radius of 35 em, and that a column of grout and
densified soil had been formed. This column was
assumed as having a design bearing capacity of
100 tons/sq m., or about 35 tons. The grout
column extended through all of the soil
material, to the underlying rock layer.

The water-cement ratio was required to be in the
range of 0.4 to 0.6, corresponding to 28 day
compressive strengths of about 350 to 200 kg(sq
em. Bleeding for the drier mixtures was expec·ted
to be negligible; for t,he wetter grout, bleeding
of the order of 5 per cent was acceptable.
Grouting was initiated with the water-cement
ratios of 0.5 or 0.6 in order to ensure that the
grout would fill any void spaces.
If the grout
entered easily, then successive batches of grout
were made thicker by using a lower water-cement
rat.io.
A fluidifier was added to the grout mixture, in
order to maintain the pumpability of the grout,
even with the lower water-cement ratios. The
proprietary mixture "Rheobuild'' was used, in the
proportions of 0.7 to 1.0 per cent of the weight
of the cement.

End bearing load was considered as having been
increased if the grouting is executed after the
hole had been extended at least one meter into
the ho;..rd layer.
Experience has shown that, in
most cases, whan grouting through holes which
have actually penetrated into the hard bottom,
appreciable grout may be introduced in the
"hard" rock below the soft layers. This
phenomena is attributed to.the filling of voids
in cracked rock, filling of open joints, and
general improvement ln the nature of the harder
material.
Thus, should the drill hole below the
pile have been extended a minimum of one meter
below the surface of the hard material, the
bearing capacity of the grout column was
considered as having been increased by about 30
per cent.
Hence, a bearing load of 50 tons was
assigned to such locations, instead of the 35
tons considered available from the grouting only
of the soft material below the tip of the pile.
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A retarder was found necessary to prevent the
grout from setting too quickly, while the
injections were going em. Parti•:::ularly, where a
pile may have a number of grout holes subjected
to high pressures at one time, the beneficial
effect of high pressure was thus transferred
through a grout whieh still retained i t.s
fluidity during the operation. If .3. Dywadag rod
was inserted after the grout is in place, it was
important that the mortar would not have set
before the rod is in place. With high air
temperatures, grout pipes and tubes exposed to
the sun, and the constrictions of fittings,
early hardening of the grout would be likely if
retarders were not employed. It was found
desirable to add calcium lignosulphonate to each
grout batch, using 0.5 per cent of additive in
reference to cement weight.
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Close control was kept of the grouting pressure
with time, observing the amount of grout
injected for each interval of grouting time,
usually a 5 minute period. The initial grouting
pressure was 5 atmospheres, which was increased
to 10 atmospheres after 5 minutes if excessive
grout loss was not observed. The 10 atmosphere
pressure-was considered the most effective
minimum pressure for producing the compaction
process, and was held for fifteen minutes, using
increasingly thicker grout when appreciable
grout take was observed. Then pres~ures of 15
and then 20 atmospheres were applied, using the
thicker grout.
The quantity of grout which was accepted in each
grout hole was found to be highly variable,
according to the thickness of the soft mat.erial
below the tip of the pile, the depth of the
grout hole into the rock, and the amount of
joints, cracks, and even voids in the hard roc.k.
Typical "takes" in each hole varied from 100
liters with a minimum thickness of soft
material, and a solid rock material below the
pile, to as much as 600 liters, or even more,
for deep grout holes to 3 meters depth in
fractured rock. In extreme cases, reducing the
water/ cement ratio to 0.4, and using minimum
grout pressures, could still result in grout
takes which were unecesssarily high. For
continuing WClrk in those cases where large
quantities of grout enter without high pressure,
The mixture was proportioned with the quantity
of Rheobuild reduced, in order to decrease the
fluidity.

FINAL STEP - A TEST SHAFT
As a final step in this work, an access shafi of
1.20 meters diameter was made by excavating an
open large boring alongside one of the 1.50 m
diameter piles.
This test boring was extended
to a depth of 9 meters, about 1-1/2 meters below
the bottom of the production pile. Casing was
used for the uppermost sections of the test
shaft but the bottommost several meters were
left ~xposed.
In this way, excavation around
and under the production pile was possible from
the access shaft. It was possible to use hand
tools and remove the original soil from the zone
between the bottom of the pile and the surface
of the underlying limestone rock.
Photographs
the excavated cross-section under the pile
were taken which showed clearly the bottom of
the concrete pile, the exposed underlying rock,
and t,hree of the total of five holes which had
been mad~ in the pile and then grouted. The
sketch below was made by tracing one of the
original photographs and showing on the sketch
such features as the dimensions of the grout
columns and the soil layer exposed.

oi

EXPOSED PILE BOTTOM

SUMMARY REMARKS ON EXECUTION OF GROUTING
All but one of 125 cast-in-place piles were
grouted for this project, including all
diameters from 0.6 meters to 1.50 meters. The
number of grout holes per pile varied according
to the diameter, which was usually a function of
the design loading. Only one grout hole through
the center of the pile was adequate for the
smallest sizes, but five holes were used for the
largest.
In most cases, an initial grouting of
the pile in one stage was adequate, but in 17
cases the grouting was stopped when the
quantities appeared to be excessive, and/or the
grouting pressure failed to build up quickly to
15 - 20 atmospheres. In such cases, regrout.ing
was accomplished, after allowing time for the
initial grout to set. The limit pressure of 20
atmospheres was obtained finally in all cases.
In respect to quantities of grout, about 50 per
cent of the piles accepted less than 600 liters
of grout mixture, and about 75 per cent less
than 1000 liters. Only three piles received more
than 2000 litres of grout. In respect to pile
size, 93 per cent of the piles of 1.50 meters
diameter took more than 400 liters of grout, but
only 6 per cent of the 0.6 m diameter piles took
more than 400 liters. A total quantity of about
90 cubic meters of grout was used for the
project.
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L 1 ME STONE ROCK,

The exposed pile showed clearly that about 15 to
40 em of soil had been left in place between the
bottom of the pile and the surface of the
underlying hard limestone. The soil in this case
was a sand with a high "kurkar" content, which
was easily excavated at the time of the
inspection of the test shaft. Thus, the use of
percussion borings through the concrete pile was
found to be useful in checking as to whether
soil layers had been left in place under the
piles at the time of execution of the boring
excavations.

CONCLUSIONS
The enlargeme~t of the original 3-inch holes by
the pressure'of the grout was indicative of the
settlement which would have resulted in the soil
strata from comparable pressures transmitted
from the tip of the pile. Although exact.
computations were not really applicable, the
enlargements indicated that the soil had
consolidated between 5 .and 10 per cent of its
volume. One grout column showed very little
expansion, which could have been caused either
by low grout pressure, or the stiffness of the
soil strata in that location. In general, it may
be concluded that the grouting process was
successful in densifying and strengthening the
soil under the tip of the pile so that pressures
of up to 10 atmospheres could be added without
producing appreciable additional settlement.
The exposed underlying rock strata provided an
example of the firm hard foundation materials
which had been indicated by the s6il borings to
lie under the structure. The fissuring was not
extensive enough to have obviously consti t1..1ted a
problem, but the fact that grouting had been
done provided additional insurance that the
foundation would be firm.
In summary, i t may be stated that the boring and
grouting work was shown to have been well
justified in order to ensure that the design
loads would be carried by the foundation piles
in spite of the soil layers which were found to
have remained under the pile tips. The
foundation system has been strengthened to a
point where no appreciable settlement may be
expected under the maximum design loads
envisaged for the structure.
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